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The sorting of plastic articles is currently achieved using near infrared spectroscopy but this cannot identify all material types.  The objective of this work is to develop luminescent codes that can be printed onto plastic articles that identify both the material and also end-use in high speed sorting equipment. 
1. INTRODUCTION
 Before plastic materials can be recycled they must first be sorted into their material types.  High speed automated facilities are in operation worldwide which use near infrared spectroscopy (NIR) to identify polymer types.  Unfortunately, the process is not 100% efficient, and given the high volume of material being sorted this causes substantial problems and wastage.  For example, some heavily pigmented materials are difficult to identify by NIR.  Moreover, there is a need to identify not just the material but also the application that the article was used for so that, for example, containers used for toxic applications (e.g. pesticides) are not recycled with food grade materials.
  The objective of this program is to develop a luminescent marker system which could be read using existing equipment installed worldwide, with minimal upgrading, which would permit unambiguous identification of both material type and usage, without in anyway compromising the operation of the NIR system with which it will work in tandem.
  Our approach has been to develop codes that can be printed onto labels.  In most cases articles already have labels onto which the code will be printed and so there will be no need to attach a new one.  The code will be transparent and invisible to the eye, so that it does not interfere with Brand information.  The advantage of using a label, rather than printing directly onto the article is that labels can be easily removed, so the luminescent markers do not contaminate the recycled material. Currently a consortium of companies/organisations are working on this program including, Brunel University London, Nextek Ltd., WRAP, Mirage Inks, CCL Labels, Evolve Polymers, Tomra Sorting, Enlightened Lamp Recycling and Johnson-Matthey.


2. RESULTS AND DISCUSSION
 There are many luminescent materials that could be chosen for this application.  Many of the biggest applications of phosphors, such as fluorescent lights, plasma TVs and so on, use phosphors that can only be excited by short wavelength UV (e.g. <250nm).  For this application such materials are unlikely to be acceptable because the articles must be exposed in a working environment and it would add significant expense to do this safely using short wavelength UV.  Instead materials that can be excited using long wavelength UV (>360nm) have been evaluated since these are less harmful, and permit the full visible spectrum (as well as the near IR) to be utilized.  
  In principle phosphors that are excited by visible light could also be used although, for example, exciting with blue light would necessarily make this part of the visible spectrum unavailable.  The sorting process involves multiple stages of detection and sorting, and so in principle it may be possible to sort for phosphors excited by 365nm at the first stage and e.g. blue light at a subsequent stage.  Anti-Stokes (up-converting) phosphors could also be considered, although they tend to be expensive materials and, since they are not normally very efficient, larger quantities would be necessary to achieve adequate signal levels.  A key requirement of this process, however, is to minimize costs and so these materials were not considered to be viable.   
  Just over a decade ago the rare earth elements, upon which many phosphors rely, increased dramatically in price, putting pressure on the phosphor market.  Fortunately, their price has since fallen back to more reasonable levels.  They are now trading at less than 10% of their peak price (reached in 2005) and the pressure on the phosphor market has reduced.  Notwithstanding this price stabilization, these materials may still experience volatility, and so wherever possible in this work it has been our goal to select materials that are abundant and low cost.
  Initial work was carried out using organic fluorescent pigments suspended in a solvent-borne binder. The fluorescent materials used could be excited using 365nm UV light.  Labels were prepared by coating a solvent borne ink onto shrink wrap labels and then attaching these to PET bottles. Most shrink-wrap materials are based on polyolefinic materials that are transparent to the near UV. Labels with different codes (and no codes) were placed on batches of PET bottles and taken to Tomra Sorting (Germany) for sorting trials.  
 The Tomra NIR system (1) is based on a rotating hexagonal mirror which scans the exciting light for NIR, and also collects the scattered light, so that for NIR both the primary light and the point of analysis is scanned at high speed across the conveyor.  When the target material is detected, air jets eject the article into a collection bin, Figure 1.  The same spectrometer was used to collect both the NIR and visible luminescent emissions, and thus no additional spectrometer was required.  For the luminescence studies arrays of UV LEDs (365nm) were placed across the conveyor so that the articles were flooded with UV as they went through the detection zone.


Figure 1.  Schematic of the Tomra Sorting apparatus.

  The results of the initial trials were very encouraging with excellent discrimination and sorting performance at conveyor speeds of ~3m/second.  Further trials are in progress to try to understand the limits of the process and to minimize the quantity of luminescent material that is required, by both reducing the size of the labels and the luminescent material content.  
  Laboratory studies indicated that coating the phosphors onto reflective backgrounds, such as white print, or metallised areas more than doubled the fluorescent signals detected.  Phosphors emit isotropically, and so reflecting the 50% of luminescence initially emitted in the wrong direction, back in the direction of the detector is expected to enhance signals, Figure 2(C).  In addition to reflecting the luminescence it appears that the UV light is also being reflected (because the improvement in signal intensity is greater than a factor of two).  As sketched in Figure 2 (A) this results in a higher exciting flux striking the particles.


Figure 2.  Mechanisms of excitation

  A potential problem with organic fluorescent materials is their poor stability when exposed to sunlight.  Weathering trials of a range of these materials indicated that some decreased in luminance by more than an order of magnitude after only a few days exposed to daylight (UK, summer).  In normal service most articles would probably not be exposed continuously to daylight like this but nevertheless this performance was thought to be problematic, especially since the different materials tended to decay at different rates, which could change the apparent code, and cause confusion.  Attempts to slow down this rate of degradation, by incorporating hindered amine light stabilisers (HALS) into the ink were not successful.
  In the second phase of the program, low cost inorganic phosphors are being evaluated as alternatives, which initial studies suggest are substantially more environmentally stable.  
  The time taken for phosphors to reach and then decay from their maximum luminescence intensity under any given level of excitation can vary from microseconds to many minutes (2), depending on the nature of their activators and whether traps are present within the matrix (either intentionally or otherwise).  This behavior also influences the choice of materials.  For example, for fast decaying phosphors only excitation that arrives as the material passes through the detection zone gives rise to signals.  Slow decaying materials on the other hand, can be ‘pumped-up’ before they reach the detection zone, and are able to store the energy (and continue to emit luminescence) for a short time, until they pass under the detector.
  Preliminary work with inorganic materials suggests that loadings lower than 2volume% (in a 10µm coating) is more than adequate for detection purposes, and this generates a coating that is essentially transparent and unobtrusive, as intended.  Moreover, for a given phosphor loading, reducing the particle size substantially improved signal intensity, by virtue of covering a larger area pro rata and therefore intercepting more of the available UV light, Figure 3. 

  
Figure 3.  Effect of particle size on observed signals.

An initial sorting trial has been successfully carried out using inorganic phosphors.  Solvent borne inks were formulated and k-bar coated onto clear (i.e. non-reflective), self-adhesive labels, at a thickness (after drying) of 5-6µm.
  Red, yellow, green and blue phosphors were used.  Of these the first three gave excellent sorting results, with virtually every coded article successfully identified and ejected.  The results from the blue phosphor were less compelling, however.  The material used was europium (II) doped barium magnesium aluminate (BaMg2Al16O27:Eu2+) otherwise known as BAM.  Several issues need to be addressed here.  This material was relatively coarse compared to the others (average particle size of ~13µm), and as mentioned above this significantly reduces signal levels (see Figure 3).  The second issue is that in this region of the spectrum the phosphor is competing with optical brightening agents (OBAs) that are routinely added to polymers, paper labels and to laundry products.  OBAs tend to emit from ~400 to 500nm.  The emission band from BAM is also quite broad (FWHM ~52nm, centered at 450nm) which is also not helpful.  To work in this area of the spectrum will require the sourcing of phosphors with smaller particle size, and ideally with a narrow, intense emission line, that will stand out against a slowly varying background from OBAs.  The effect was not noted in the earlier trials with blue organic phosphors, because the emission strength was stronger and because in this case the shrink-wrap label was pre-printed with a white background that is opaque to the UV and any emission from the OBAs.
  Following the very encouraging results of the trials to date the next phase of the program will focus on improving the excitation source, so that it is more efficiently directed onto the area of the conveyor belt.  To date the illumination source used for the trials is quite inefficient in this regard and improving this aspect should mean that substantially less phosphor will be required.  At the same time it is hoped that it will be easier to retrofit the new UV source onto existing systems.  Work on identifying the most cost-effective phosphors is also ongoing.
  
3. CONCLUSIONS
   Trials of phosphor coded labels have been successfully carried out at a commercial sorting plant.
  Trials using both organic and inorganic phosphors have been successfully conducted.  The environmental stability of the organic materials, however, was observed to be disappointing and future work will concentrate on the inorganics.  The signal levels measured appear to be quite strongly, inversely, related to particle size and so small particle size material is best.










(2) The Phosphor Handbook (Second Edition), (Ed. W.M.Yen, S.Shionya, H.Yamamoto), CRC Press (2007).	 















